We investigated the histopathological effects of excess L-cysteine on the male rat reproductive tract during sexual maturation. Male 6-week-old Sprague-Dawley rats were injected intraperitoneally daily with L-cysteine, 1,000 mg/kg body weight, for 1, 2, 3, and 4 weeks. L-Cysteine-treated rats developed sperm granulomas in the epididymides at an incidence of 0% (0/6), 50% (3/6), 83% (5/6), and 100% (6/6) in rats examined at study weeks 1, 2, 3, and 4, respectively. These sperm granulomas were unilateral or bilateral, and most frequently involved the proximal cauda region of the epididymides. Interestingly, small ducts, indicative of immaturity, were seen frequently in L-cysteine-treated rats. These findings suggest that the maturation of epididymides in L-cysteine-treated rats might be delayed. Additionally, dilated ducts and interstitial edema, suggestive of an increase in intraluminal pressure, were seen often in the epididymides of L-cysteine-treated rats. Labeling spermatozoa and epithelial cells with monobromobimane indicated no influence of the thiol-disulfide status of L-cysteine to the epididymides. The testes and prostate glands also showed no effects, suggesting that inhibited epididymis maturation was not a result of hormonal deficiencies. We speculate that defective development of the ducts might result in aberrant fluid flow, leading to ductal rupture in the epididymides. In that case, sperm granulomas might form around leaked spermatozoa.
INTRODUCTION
L-Cysteine, a sulfur-containing amino acid, is a reducing agent and a precursor of glutathione and contains sulfhydryl groups that can scavenge free radicals. L-Cysteine has been applied as a food additive, a cosmetic article, or a component of an amino acid solution in medical parenteral nutrition. On the other hand, excessive L-cysteine can cause neurotoxicity in the central nervous system of newborn animals by acting as a bicarbonate-sensitive endogenous excitotoxin (20, 26, 27, 30, 36) . Furthermore, administration of a large amount of L-cystine, the disulfide of L-cysteine, is known to induce degeneration of parenchymal cells and necrosis in the kidneys and liver (21) . To further investigate possible toxicologic influences of L-cysteine, we repeated the previous study in our laboratory, and found that repeated injections of L-cysteine (1,000 mg/kg body weight, daily) for 4 weeks to pubertal rats induced a high frequency of sperm granulomas in the epididymides. To our knowledge, no publications have described the sperm granuloma as an L-cysteine-induced lesion.
Sperm granuloma is a chronic granulomatous inflammatory lesion. The occurrence of sperm granulomas has been observed in the epididymides of rats treated with chemicals such as cadmium, α-chlorohydrin (α-CH), methyl chloride (MeCl), DL-ethionine, guanethidine, lentinan, ethane dimethanesulfonate (EDS), closantel, thiamphenicol, and L-histidine (2, 5, 7, 9, 12, 17, 18, 23, 24, 38) . Although the pathogenesis remains poorly understood, the granuloma is an inflammatory lesion in response to spermatozoa, which, if, released into the extravascular tissue following rupture of epididymal ducts, are recognized as foreign bodies (11, 14, 25) . The rupture of ducts in the epididymis of rats may be an important event in granuloma development. Although the mechanisms are unclear for some agents, cadmium and α-CH have been suggested to induce damage through ischemia, MeCl, and DL-ethionine through a direct effect on epithelium, the α-blocker guanethidine through suppression of the contraction of the vas deferens, and lentinan through the spread of polyarteritis.
A preliminary study showed that granulomas induced by L-cysteine might be associated with a disturbance of the maturation of epididymal ducts. In the present study we investigated the time-dependent changes in the rat epididymis during maturation. Particularly, we focused on cellular proliferation or the appearance of apoptotic cells to see whetheraberrant changes of the epididymal epithelial cells might be induced by treatment with L-cysteine. Mammalian spermatozoa gain their fertilizing ability as they mature in the epididymides, a process accompanied by oxidation of thiols in sperm proteins (34, 35) . Because thiols such as cysteine and glutathione cleave S S bonds, we also examined whether excessive L-cysteine influenced the thiol-disulfide status of the spermatozoa and epithelial cells in the epididymides. Such influence might be related to changes of the motility of the spermatozoa in the epididymides (42) .
MATERIALS AND METHODS

Animals and Dosing
Fifty-four male Sprague-Dawley rats (Crj:CD; IGS), 4 weeks old, were purchased from Charles River Japan (CRJ, Inc, Yokohama, Japan). After a 2-week acclimatization, the 281 0192-6233/03$3.00+$0.00 282 SAWAMOTO ET AL TOXICOLOGIC PATHOLOGY A 5% solution of L-cysteine (Ajinomoto Co, Tokyo, Japan) was prepared in distilled water and adjusted to pH 7.0 with sodium hydroxide solution. A preliminary study found that this dosage was able to induce sperm granulomas without killing the rats. Twenty-four rats were intraperitoneally injected daily with 5% L-cysteine solution at the dose of 1,000 mg/kg body weight (20 ml/kg body weight), and tissues of 6 rats were examined at each of 4 study weeks. The remaining 30 rats served as physiological saline-treated controls; tissues from 6 of these rats also were examined at study week 0 (on the initial injection day), 1, 2, 3, and 4 ( Table 1) . Rats were observed daily and weighed twice weekly.
Two hours before being sacrificed, all animals were injected intraperitoneally with 5-bromo-2 -deoxyuridine (BrdU; Wako Pure Chemical Industries, Ltd, Osaka, Japan), 100 mg/kg body weight. The rats were killed under ether anesthesia at each examination point, and their epididymides, testes, and ventral prostate glands were removed and weighed. The weight of these organs relative to the total body weight was calculated.
Histopathology
The epididymides and prostate glands were fixed in 10% neutral buffered formalin, and the testes were fixed in 12.5% formalin containing 4% acetic acid (FA solution). The tissues were embedded in paraffin, and 4-µm-thick sections were stained with hematoxylin and eosin (HE) for microscopic evaluation.
Immunohistochemistry
To evaluate the proliferative activity of epithelial cells in the epididymides, we performed immunohistochemical staining with an anti-BrdU antibody for detecting the S phase in the cell cycle, using the labeled streptavidin-biotin (LSAB) method in an LSAB kit (DAKO, Carpinteria, CA, USA). After incubation with proteinase K for 10 minutes, sections were treated with 3% hydrogen peroxide for 10 minutes to block endogenous peroxidase activity and then with 4 N HCl to denature double-strand DNA for 20 minutes. The sections were reacted with an anti-BrdU monoclonal mouse antibody (DAKO; 1:100) for 1 hour, followed by biotinylated secondary antibody for 20 minutes and streptavidin reagent for 30 minutes. Positive signals were made visible with 3,3diaminobenzidine (DAB). The sections were counterstained lightly with hematoxylin.
Terminal Deoxyribonucleotide Transferase-Mediated dUTP Nick-End Labeling for Apoptotic Cells
Deparaffinized tissue sections were used to detect fragmented DNA in apoptotic cells with an ApopTag In Situ Apoptosis Detection Kit (Oncor, Gaithersburg, MD, USA). After treatments with proteinase K and 3% hydrogen peroxide for 10 minutes each, the sections were incubated with digoxigenin-dUTP in the presence of terminal deoxyribonucleotide transferase (TdT) and then reacted with peroxidaseconjugated anti-digoxigenin antibody. Finally, positive reactions were made visible with DAB, and sections were counterstained lightly with hematoxylin.
BrdU and TdT-Mediated dUTP Nick-End Labeling Indices
The numbers of positive or negative epithelial cells determined by BrdU immunohistochemistry or by the TdTmediated dUTP nick-end labeling (TUNEL) method were counted in the right proximal cauda of the epididymides in a field (0.625 mm 2 ). The proximal cauda epididymis was the most frequent site of sperm granulomas in L-cysteine-treated Vol. 31, No. 3, 2003 L-CYSTEINE-INDUCED RAT SPERM GRANULOMA 283 rats. The percentage of the positive cells in the total number of cells (500-2,000 positive plus negative) in a field was calculated as a labeling index.
Histochemistry for Detecting Thiols and Disulfides of Spermatozoa and Epithelial Cells in the Epididymides
Tissues were labeled with monobromobimane (mBBr; Molecular Probes, Eugene, OR, USA) according to the methods of Gainer and Kosower (13, 34) with slight modifications. Before the labeling with mBBr, serial sections (4-µm-thick) of the epididymides were immersed in cold 0.01 mM phosphate-buffered saline (PBS) with 1 mM EDTA for 5 minutes. For labeling the sulfhydryl (SH) groups, the sections were covered with 0.1 mM mBBr solution in PBS and left in the dark at room temperature for 15 minutes. Sections were then washed with PBS-EDTA and mounted with glycerol for observation with fluorescence microscopy. To label the disulfides (S-S), the sections were first incubated with 120 mM N-ethylmaleimide (NEM; Wako Pure Chemical Industries) in PBS with EDTA at 37 • C for 10 minutes to block any free thiol groups. After being washed in PBS-EDTA, the sections were treated with 50 mM dithiothreitol (DTT; Wako Pure Chemical Industries) in PBS with EDTA at 37 • C for 10 minutes to reduce the disulfide bonds. Slides were washed thoroughly with PBS-EDTA and then labeled with mBBr as described above.
Sections labeled with mBBr by methods described previously were examined with a fluorescent microscope (BH2-RFC; Olympus, Tokyo, Japan) under a long-wavelength ultraviolet light with DM400 dichroic mirrors and a Y455 barrier filter. Slides were photographed with a Fujichrome Provia 400F film (Fujifilm, Tokyo, Japan) during exposures with exact timing, which is necessary for accurate comparison of the fluorescence intensities of the samples.
Statistics
The data for body weights and absolute and relative organ weights were evaluated by Student's t-test for L-cysteinetreated and control rats at each examination point. Paired samples in BrdU and TUNEL labeling indices were also evaluated statistically by Student's t-test.
RESULTS
General Symptoms, Body Weights, and Organ Weights of the Epididymides, Testes, and Prostate Glands
Immediately after injection, all L-cysteine-treated rats exhibited a decrease in spontaneous activity for a few hours. This symptom gradually decreased with the length of the treatment period, although the cause for the decrease was not clear.
The body weight of L-cysteine-treated groups was greatly decreased at study weeks 1, 2, 3, and 4, being 80% less than that of controls at study week 4 ( Table 1 ).
As shown in Table 1 , the absolute organ weights of the epididymides, testes, and prostate glands did not differ significantly between L-cysteine-treated and control groups. However, the relative organ weights of the right and left epididymides at study weeks 2, 3, and 4 showed a significant increase over those in controls (Table 1 ). In addition, the relative organ weights of the right and left testes at study week 4 (7) 2 (8) 3 (9) 4 (10) 1 (7) 2 (8) 3 (9) were significantly greater in L-cysteine-treated animals than in the control groups.
Histopathology
The rat epididymides at the pubertal stages consist of small ducts in the corpus and cauda regions; these small ducts are characterized by pseudostratified epithelial cells without sperm in the lumen (19, 37) ( Figure 1A ). The small ducts were observed in the corpus and cauda regions of all control rats at study week 0 (6 weeks old) but not at study weeks 1, 2, 3, and 4 (7, 8, 9, and 10 weeks old, respectively); this indicated the development of mature ducts in the epididymides, the mature ducts being lined by columnar monolayered epithelial cells ( Figure 1B) . In contrast, in L-cysteine-treated rats, the small ducts were seen frequently and furthermore were more dilated than mature ducts (Figure 2A -C; Table 2 ). No histopathological change was observed in the smooth muscle layer in the epididymides of L-cysteinetreated rats.
Interestingly, interstitial edema in the corpus and cauda regions of the epididymides was frequently observed in L-cysteine-treated rats, whereas in the control group only one rat at study week 1 and one at week 2 showed interstitial edema (Table 2) . Moreover, the severity of the interstitial edema was much greater in L-cysteine-treated rats than in control rats, and the lesions in L-cysteine-treated rats were often accompanied by a small number of neutrophils ( Figure 2D ). Ducts occupied by spermatozoa, acidophilic inspissated materials, and germ cell debris were seen mainly in the caudal epididymides of L-cysteine-treated rats ( Figure 3A , B; Table 2 ); such lesions were termed accumulation of spermatozoa. Sperm granulomas developed in 3 (of 6; 50%), 5 (83%), and 6 (100%) rats at study weeks 2, 3, and 4, respectively, in L-cysteine-treated groups ( Table 2) . Macroscopically, sperm granulomas were found as gray or yellowish nodules in unilateral or bilateral epididymides of the affected rats, and each affected rat had one to three sperm granulomas varying in sizes ( Figure 4A ). The total number of sperm granulomas found in the 14 affected rats was 26; the most frequently affected segment in the epididymides was the proximal cauda region (11 cases), followed by the distal corpus (7) , mid-cauda (4), distal cauda (2), and proximal corpus (2) regions ( Figure 4B ). Histologically, the granulomas were 284 SAWAMOTO ET AL TOXICOLOGIC PATHOLOGY composed of a center mass of spermatozoa surrounded by many radically arranged epithelioid cells and a small number of lymphocytes, plasma cells, and neutrophils in the outer layer ( Figure 5A, B) ; the epithelioid cells were immunoreactive to ED1, which is specific for rat macrophages (data not shown). The degree of sperm granulomas and accumulation of spermatozoa increased with the number of weeks studied ( Table 2 ). Accumulations of spermatozoa and sperm granulomas were not seen in any control rat.
No histological abnormalities were observed in the testes (including spermatogenesis) or prostate glands in both L-cysteine-treated and control rats.
BrdU and TUNEL Indices
Because the most frequent segment with sperm granulomas was the proximal cauda region of the epididymides (Figure 4B ), BrdU and TUNEL indices were evaluated in the proximal cauda region. To see differences between ducts of various sizes, we evaluated small-sized and dilated ducts in Lcysteine-treated rats and mature ducts in control rats at study FIGURE 4 .-Macroscopy of the bilateral epididymides in a rat treated with L-cysteine for 3 weeks; nodules (arrows) are seen in the corpus and cauda regions of the unilateral epididymis (A). The distribution of 26 sperm granulomas found in L-cysteine-treated rats is shown (B); the most frequently affected region is the proximal cauda * . Numbers in parentheses represent the number of sperm granulomas at each location. weeks 1 to 4. BrdU and TUNEL indices were also evaluated in immature small ducts of control rats at study week 0.
As shown in Figure 6A , the BrdU labeling index was much greater in dilated ducts of L-cysteine-treated rats ( Figure 2B ) than in mature ducts of control rats. The BrdU labeling index for the small ducts seen in L-cysteine-treated rats was not significantly different from that for mature ducts in control rats.
As shown in Figure 6B , TUNEL-positive cells were rarely seen in mature ducts of control rats or in dilated ducts of L-cysteine-treated rats. In contrast, the TUNEL labeling index was markedly greater for the small ducts of both control (study week 0) and L-cysteine-treated rats ( Figure 2C ) than for the mature ducts of control rats.
Thiol Status in Spermatozoa and Epithelial Cells of the Epididymides
In control rats, spermatozoa of the caput region showed no marked difference in mBBr-fluorescence intensity between no pretreatment and pretreatment with NEM and DTT. In the 286 SAWAMOTO ET AL TOXICOLOGIC PATHOLOGY cauda region, however, the fluorescence intensity of mBBrlabeled spermatozoa without pretreatment was much weaker than that in spermatozoa with NEM and DTT pretreatments. Similarly, L-cysteine-treated rats showed no change in the intensity of caput spermatozoa, but in the cauda region the intensity of the spermatozoa with no pretreatment was very weak. These findings indicate that spermatozoa in the caput region had both SH and S-S groups, and those in the cauda region contained S-S-rich proteins. L-Cysteine-treated rats also had no apparent difference in the fluorescence intensity in the epithelial cells between the mature (intact), dilated, and small ducts.
DISCUSSION
The present study showed that an excessive dose of Lcysteine to pubertal rats gave rise to sperm granulomas in FIGURE 6.-BrdU (A) and TUNEL (B) labeling indices in control and L-cysteine-treated rats at study weeks 1 to 4. The indices (%) for BrdU and TUNEL labeling are evaluated in small ducts (n = 14) and dilated ducts (11) in L-cysteine-treated rats, and normal (mature) ducts (24) in control rats at study weeks 1 to 4. In addition, small ducts (6) seen in control rats at study week 0 were also evaluated for BrdU and TUNEL labeling. *, ***, significantly different from controls at study weeks 1 to 4 at p < 0.05 and 0.001, respectively. the epididymides. Sperm granuloma is an inflammatory response to spermatozoa released into the interstitium, and the rupture of ducts in the epididymides is regarded as an initial lesion in the pathogenesis of sperm granuloma (11, 14, 25) . In a rat model the circulatory disturbance produced by stenosis of the abdominal aorta has been associated with granuloma development in the epididymis (29) . In addition, the pathogenesis of sperm granulomas induced by cadmium and α-CH is thought to come from ductal rupture, a result of ischemia by way of impaired local blood circulation (12, 24) , because the sperm granulomas induced by these chemicals were seen only in the caput epididymides, the region most sensitive to ischemic damage (29) . All sperm granulomas seen in the present study developed in the cauda and corpus epididymides; no sperm granulomas were found in the caput epididymides in L-cysteine-treated rats.
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The treatment with the antihypertensive drug guanethidine, an α-blocker, selectively blocks sympathetic autonomic innervation, and the damage to the adrenergic neurons prevents contraction of the vas deferens, thus resulting in ductal rupture with consequent formation of sperm granulomas at the vasa-epididymal junction (7) . L-Cysteine does not seem to have adrenergic blocking activity, because the prevalent sites (cauda and corpus epididymides) in L-cysteine-treated rats differed from those (vasa-epididymal junction) in sympatholytic drug-treated rats (7) . However, an effect on neuronal function might be a possible mechanism for dysfunctional epididymis, such as suppression of contraction, but in the present study we saw no morphological changes in the cerebrum, cerebellum, or medulla oblongata (data not shown). The administration of lentinan, an antitumor drug consisting of polysaccharides extracted from a shiitake mushroom, induced polyarteritis in many organs of rats, especially in the epididymides, from which it has been speculated that inflammatory lesions progressed to epididymal ducts, resulting secondarily in sperm granuloma (18) . In L-cysteine-treated rats, no inflammatory lesions so severe as polyarteritis were present that could cause ductal rupture and subsequent sperm granulomas. Taken together, we consider that the pathogenesis of L-cysteine-induced sperm granulomas is not related to abnormal blood circulation, ischemic change, adrenergic block activity, or severe inflammation leading to epididymal ductal rupture. Administration of MeCl induced such epididymal duct injuries as epithelial necrosis and exfoliation, serving as a cause of release of spermatozoa into the extravascular tissue (9) . Similarly, some have thought that DL-ethionine could injure the epididymal duct directly (5) . Histopathologically, however, we saw no evidence of direct injury to epididymal epithelial cells by L-cysteine treatment.
The small ducts seen in control rats at age 6 weeks (study week 0) are characteristic of the epididymides in pubertal rats; during the maturation process, pseudostratified epithelial cells in the small ducts change into monolayered epithelial cells (19, 37) . The present study showed that the apoptosis demonstrable by the TUNEL method is a characteristic of immature epithelium. From age 7 weeks (study week 1) onward, the small ducts in the control rats disappeared and the epididymides now consisted of uniformly sized ducts rimmed by columnar monolayered epithelial cells, indicating complete maturation. Epididymal ducts in control rats were normally extended by the first arrival of testicular fluid flowing from the testes before the release of spermatozoa (37) . Interestingly, the small ducts were still present in L-cysteine-treated rats at study weeks 1 to 4 (ages 7 to 10 weeks); their histological characteristics closely resembled those in control rats at study week 0 (6 weeks old); numerous apoptotic cells were present in the epithelial cells of the small ducts in L-cysteine-treated rats, just as in the small ducts in the control rats ( Figure 6B) .
These findings indicate that the maturation of the epididymides might be delayed by treatment with L-cysteine. In pubertal rats, the maturation of genital system is dependent on androgen (22) . L-Cysteine-treated rats show no substantial changes in the organ weights and relative organ weights of the prostate glands, a highly androgen-dependent organ (22) . Although the relative organ weights of the testes were greatly increased in L-cysteine-treated rats at study week 4, the organ weights and relative organ weights of the testes showed no marked changes at study weeks 1 to 3. Furthermore, histological examinations showed no abnormal changes suggestive of immaturity in the prostate glands and testes (Sertoli cells, Leydig cells, and spermatogenesis) in L-cysteine-treated rats. These findings suggest that the appearance of small ducts was not associated with changes in sex hormones.
An overdose of methionine, another sulfur-containing amino acid, caused a loss in body weight through a decrease in the nitrogen efficiency ratio in rats; the causes of such a decrease were explained as an effect of amino acid imbalance (4, 31, 43) . Although we did not measure the plasma aminogram in the present study, we consider it likely that the excessive dose of L-cysteine caused an imbalance in amino acids and a decrease in body weight gain. Such an amino acid imbalance could have caused defective maturation of the epididymal ducts. However, why the site most affected by amino acid imbalance is the cauda epididymides remains to be investigated. In pubertal rats, a primary fluid secreted by the Sertoli cells carries spermatozoa into the epididymides; then, optimal microenvironments for sperm maturation in the caput region and for sperm storage in the cauda region will be established metabolically through the absorption of electrolytes and water and the secretion of organic compounds, including amino acids, by the epithelial cells (1, 15, 16) . Despite the maturing testes and prostate glands, epididymal epithelial cells in L-cysteine-treated rats might not have developed sufficient functions by the end of this study, because their maturation was prolonged; this, in turn, might lead to aberrant flow and an increase in the viscosity of the epididymal fluid (39, 40) . Under such abnormal conditions, small ducts with pseudostratified epithelial cells might mechanically obstruct the flowing epididymal fluid (10) . Additionally, small ducts might lack contraction of the smooth muscle layer that induce sperm stasis (28) . The abnormally dilated ducts seen in L-cysteine-treated rats appeared to have formed in association with the obstruction of testicular fluid flow. Histopathological findings such as interstitial edema and accumulation of spermatozoa in L-cysteine-treated rats support the presence of such abnormalities of the epididymal fluid; thus, we regard these findings as indicating initial lesions of ductal rupture. Given the reports that proliferating epithelial cells are frequently seen in renal tubules in obstructed rat kidneys caused by ureteral ligation (41) , evidence that dilated ducts in L-cysteine-treated rats show a greater proliferating activity might also reflect an abnormal increase in intraluminal pressure of epididymal ducts at the delayed mature stages.
The thiol-oxidation is associated with structural stabilization because of the development of cross-links between adjacent cysteine residues to form strong disulfide bridges (3, 32) . Cysteine occupies about 20% of the rat sperm protamine (6, 8) , and most of the cysteine groups in the sperm head are oxidized to form disulfides prior to reaching the cauda epididymis (34, 35) . The changes of thiol-disulfide status depend on androgen and influence sperm movement (33, 42) . The present study with mBBr labeling showed that spermatozoa in the caput region had SH and S-S groups, whereas those in the cauda region contained S-S-rich proteins, and that L-cysteine-treated and control rats had no marked differences in fluorescence labeling in spermatozoa observed in the caput and cauda regions. Additionally, no apparent changes in the fluorescence intensity in the epithelial cells were seen 288 SAWAMOTO ET AL TOXICOLOGIC PATHOLOGY between the intact (mature), small, and dilated ducts. These findings indicate that treatment with L-cysteine did not directly affect the thiol-disulfide status in the spermatozoa and epithelial cells of the epididymides. We think it unlikely that the number of thiol groups is related to the pathogenesis of ductal rupture (such as spermatozoa penetration into ducts) and subsequent sperm granulomas in L-cysteine-treated rats.
In conclusion, the present study has shown for the first time that administering a large amount of L-cysteine to pubertal rats induces sperm granulomas in the epididymides, particularly in the cauda region. On the basis of the morphological findings, we hypothesize the mechanism for this is as follows: Excessive L-cysteine administration delays the maturation of epididymides, which is characterized by the appearance of small and dilated ducts; next, the defective development of the ducts results in obstruction of semen flow through the epididymides; finally, the increased intraluminal pressure causes sperm granulomas consequent to ductal rupture of the epididymides and the leakage of spermatozoa into interstitial tissue. Additional studies are needed to prove our hypothetical account of the pathogenesis of L-cysteineinduced sperm granulomas in the rat epididymides.
